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Abstract
Race vehicles depend mainly on passive safety systems, such as the steel collapsible steering
column investigated in this report. There is no existing literature that investigates alternate
impact testing methods that meet the Fe´de´ration Internationale de l’Automobile (FIA) re-
quirements. In this study, the steering columns were statically crushed to determine the effect
of residual stresses. The steering columns were observed to collapse on themselves, as the
top surface deformed, the 90◦ bends unfolded, and the 50◦ bends folded further on the side
supports. The reduced residual stresses in the 90◦ bends after stress relief annealing, resulted
in a strengthening effect and therefore a larger bending moment was required to unfold the
bend. The residual stresses did not greatly affect the overall strength and energy absorp-
tion characteristics of the steering column, because the deformation of the 90◦ bends only
contributed a small percentage towards the energy absorption ability of the steering column.
In conclusion, zero residual stresses in cold bent steel plates are desired if the plate is being
unfolded as the steering column collapses, however residual stresses can be useful if the plate
is being bent further. The quasi-static approximation has been reported to be suitable if the
impact mass is much larger than the impact structure. The quasi-static approximation was
used to calculate the acceleration-time history of each tested specimen from the static com-
pression tests. Numerical simulation of the steering column impact test illustrated that the
impact mass and steering column experienced a series of high frequency collisions. This phe-
nomenon was due to the momentum transfer between the impact mass and steering column,
i.e. the steering column locally accelerated away from the impact mass, it then slowed down
as the energy was absorbed which allowed the impact mass to again collide with the steering
column. The numerical simulation and experimental results showed good correlation after
having been digitally filtered using a low pass digital filter with a cutoff frequency of 1000
Hz as per Le Mans regulations. The quasi-static approximation was found to give excellent
agreement with the digitally filtered results, however due to its nature it could not replicate
the high speed oscillatory behaviour. In conclusion, the steering column under investigation
was found to be inertia sensitive, and the quasi-static approximation may only be used to
evaluate the energy absorption characteristics of the steering column on its own according to
the FIA requirements.
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1 Introduction
Vehicle safety has been a primary concern since the invention of the passenger vehicle. A
modern passenger vehicle consists of various passive (front crumple zones, energy absorbing
steering column, anti-submarining seat belts) and active (dual stage airbags) safety systems
to protect the driver during a frontal impact. A race vehicle does not usually have active
safety systems for frontal impacts, and therefore it must rely on passive systems.
An example of a passive safety system to protect a driver during a frontal impact is shown
in Figure 1.1. The vehicle experienced an oblique frontal impact on the driver’s side during
a NASCAR race. The steering system was observed to move violently upwards, as shown
in Figure 1.1b. The NASCAR steering systems are designed to collapse and pivot upwards
away from the driver. The driver survived the frontal impact with only a minor hand injury
from the upward steering wheel movement [28]. From Figure 1.1, it may be seen that it
is important to control the rearward displacement of the steering system during a frontal
impact and the maximum force transmitted to the driver upon steering wheel impact.
(a) before impact (b) after impact
Figure 1.1: Danica Patrick’s NASCAR race accident at Daytona in 2012 [28]
The purpose of this research project was to better understand the energy absorption charac-
teristics of collapsible steering columns. The tests were conducted on steering columns used
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on a Le Mans Prototype race vehicle, shown in Figure 1.2. The vehicle was designed and
manufactured by a South African company, Bailey Cars.
Figure 1.2: Bailey Cars LMP 2 at Le Mans [10]
A conventional passenger vehicle has a multi-linkage steering column with constant velocity
joints which fold under a frontal collision to protect the driver, shown in Figure 1.3a. A
race vehicle usually has a single linkage steering column as this provides a direct link to the
steering rack, and thus provides better handling feedback to the driver, shown in Figure 1.3b.
Therefore, the steering column of a race vehicle is designed with an energy absorbing device
to protect the driver from head and chest trauma. The steering column of a race vehicle must
be approved by the FIA according to the Le Mans safety regulations.
1.1 Le Mans Safety Regulations
The steering column along with the steering wheel, steering rack assembly and its supports
must be able to absorb the 7 m/s impact of an 8 kg mass. The steering column impact test
represents the collision of the driver’s head with the steering wheel [17]. The centre of the 8
kg hemispherical mass will impact the centre of the steering wheel during the impact test.
The hemispherical mass may not pivot about any axis during the impact test. Any significant
deformation must be limited to the steering column, i.e. the energy absorbing device, and
the steering wheel. The steering wheel’s quick release mechanism must function as intended,
2
Impact
Impact
Joints moves
Collapses Race Vehicle
Passenger Vehicle
(a)
(b)
Figure 1.3: Steering system layout for a passenger and race vehicle [12]
even after the impact test. The acceleration of the 8 kg mass is measured along the impact
direction with a Channel frequency class (CFC) 600 filter (i.e. a low pass digital filter with a
-3 db cutoff frequency at 1000 Hz). The magnitude of acceleration may not exceed 80 g for
longer than 3 ms [16].
1.2 Literature Review
Bisagni et al. [11] experimentally tested and numerically modelled a composite steering col-
umn of a Formula One racing vehicle in LS-DYNA, a multiphysics software package used
extensively for impact analyses. The steering column had to comply with FIA safety regula-
tions similar to that of the Le Mans safety regulations. The inertia of the complete steering
system was included in this study. Bisagni et al. only published normalised acceleration-time
graphs for the steering column. Consecutive deceleration peaks due to the contact and de-
tachment of the impact mass from the steering wheel during the impact were measured (this
should not be confused with bounce back of the impact mass). The numerical model was
not able to predict the first phase of impact and the magnitude of the maximum deceleration
peaks. However, the numerical model was able to predict the average acceleration, residual
height and absorbed specific energy to within 17%, 12% and 11% of the experimental results,
respectively.
3
Hamid et al. [21] researched the design of an adaptive energy absorbing metallic strap for
steering columns. LS-DYNA was used to evaluate the performance of the energy absorbing
device against the Federal Motor Vehicle Safety Standards (FMVSS) criteria. The material
strength, thickness, geometry and housing friction coefficient of the metallic strap was varied
to improve its performance.
Valentin et al. [34] investigated the use of a collapsible joint in a passenger vehicle to reduce
the rearward displacement of the steering system upon frontal impact at 48 km/h (FMVSS
204). MECALOG RADIOSS finite element software was used to evaluate the benefits of the
collapsible joint. The collapsible joint reduced the steering displacement and the head injury
criterion, by 12% and 5% respectively. The chest deceleration, chest deflection and femur
load was found to be unaffected.
Gotoh et al. [20] investigated a steering column that bends and shears during an impact
using finite element techniques. A finite element technique using a ductile fracture model
of thin steel plates was developed to analyse the steering column. The FMVSS 203 testing
criteria was used as a basis for the analysis. The FMVSS 203 testing criteria requires that
the force between the chest and steering system during the 24 km/h impact may not exceed
11,120 N for more than 3 ms [14].
Liu et al. [25] studied an energy absorbing device for steering columns, which consisted of
a cylindrical thin tube with strategically drilled holes to vary its behaviour depending on
the impact conditions. The energy absorbing device was designed to experience shear and
buckling failure. The energy absorbing device met the FMVSS 203 peak load criteria. Liu et
al. conducted experimental tests and numerical studies using LS-DYNA for different material
types (aluminium, copper and steel) and tube thickness values (0.8, 1.1 and 1.4 mm). The
numerical model was able to adequately predict the peak impact loads.
Skeels [30] presented the General Motors energy absorbing steering column that was fitted
to their vehicles in 1967. The energy absorbing steering column consisted of a telescoping
steering shaft and shift tube. The steel energy absorbing element with diamond perforations
was placed on the outer steering column jacket. The energy absorbing element crushes at a
load of 2220 N and allows for 210 mm of crush displacement. The steering system was design
to accommodate driver-steering wheel impact and rearward displacement of the steering rack.
The steering system with the energy absorbing element had to also pass torsional rigidity
and vibration response tests.
Gogate [19] considered a break away steering column joint to eliminate rearward steering
wheel displacement. The break away joint was found to move the steering wheel away from
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the occupant during a frontal impact, however the steering system will not function after the
joint has broken away.
Huang [22] researched steering column loadings during various conditions; unbelted pickup
truck driver with a full-powered airbag, and a belted sports utility vehicle driver with a
full-powered airbag. The vehicle impact speed with the rigid barrier was 13.86 m/s and the
chest deceleration was measured. The unbelted pickup truck driver experienced a larger chest
deceleration (51 g), and a longitudinal compressive steering column load (8616 N). This study
provides a baseline for the expected steering column loads during frontal impact, and will be
useful when designing a steering column to meet Le Mans safety regulations.
Witteman [35] suggested a improved frontal vehicle design to satisfy different FMVSS 208
and European Union impact conditions (full overlap, 40% overlap and 30◦ oblique impact).
The energy absorption characteristics of the complete vehicle engine compartment was con-
sidered. Witteman focussed on optimising the deceleration-time history, i.e. the crash pulse,
into 3 phases (crash initiation - 21 g, airbag deployment - 9 g, and occupant contact - 24 g).
PAM-CRASH and CRASH-CAD were used to evaluate different steel tube profiles (square,
rectangle, circle, hexagon and octagon) with various triggers (bead, diamond notch, circular
notch, circular holes, oval holes, spheres and plastic folding). A 550 kg and 1100 kg impact
mass at an impact velocity of 28 km/h and 56 km/h were used for the simulations. Wit-
teman observed a strain rate dependency at higher impact velocities whereby the structure
behaved stiffer. The optimal position of the trigger was found to be at the half length of
the plastic folding wavelength. A bead trigger which reduces the area by 10% was found to
be stable and efficient. The Cowper-Symonds equation was used to account for strain rate
effects. Witteman investigated the use of double cell tubular structures where the outer cell
telescoped. This allowed for a varying stiffness in different directions.
Kim et al. [23] modelled the dynamic force-displacement history of an automotive crash box
with corner notches using piecewise elastoplastic-collapse elements. Each element represented
the inertia, stiffness and damping properties of the crash box at a specific crush distance.
The response of a single element will include an elastoplastic and buckling response. The
elastoplastic response is divided into an elastic linear response followed by a decreasing impact
force gradient with increasing displacement. The buckling response can be identified as a
reduction in impact force as the displacement increases. This modelling approach may be
used to estimate a crash structure’s impact response, while accounting for strain rate effects.
Peroni et al. [27] described the effect of different joining techniques (spot welding, laser
welding, and adhesives) on the energy absorption capability of square steel tubular crash
boxes. They compared the static and dynamic force-displacement history of square tubular
crash boxes that have different joining configurations, and used trigger holes close to the
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loaded end to initiate a stable progressive collapsing failure mode. A small rubber disk
between the test specimen and impact mass was used to prevent ringing and noise effects.
The initial peak of the dynamic load was greater than that of the static load. The dynamic
crush loads of the crash boxes were found to be on average 66% greater and out of phase
with the quasi-static loads. The results from Peroni et al. are useful for FIA steering column
design, although the impact velocity was 10 m/s (not 7 m/s as per FIA requirements) and
the dropped mass was varied to achieve a 50-70% crushing distance (not fixed to 8 kg as per
FIA requirements).
Abramowicz et al. [2, 3, 4] investigated the static and dynamic axial crushing and progressive
buckling of thin walled circular and square steel tubes (impact mass = 16-136 kg and impact
velocity = 5-11 m/s). They did not focus on the dynamic force-displacement history, but
rather focused on the crushing distance, and its collapse failure modes. An approach to
estimate the energy absorbed, the mean dynamic crushing force, plastic folding wavelength
and crush distance was presented, while accounting for strain rate effects using an empirical
equation called the Cowper-Symonds equation.
Abramowicz [1] presented a kinematic superfolding element to model the progressive collapse
of thin wall structures (CRASH CAD). Plastic yielding was found to be localised to the
hinges at the half length of the plastic folding wavelength of the symmetric and asymmetric
collapsing element. Square columns without triggers were found to collapse in an unstable
manner and experience Euler buckling.
Chung Kim Yuen et al. [36] experimentally researched the energy absorption characteristics of
single and double cell square and circular steel tube combinations (impact mass = 169-267 kg
and impact velocity = 5-8 m/s). Chung Kim Yuen et al. performed quasi-static and dynamic
tests, and did not focus on the dynamic force-displacement history but rather the qualitative
deformation results. This study showed that progressive collapse or buckling is more crush
efficient than Euler buckling.
Al Galib et al. [6] investigated the static and dynamic crushing of circular aluminium tubes
using experimental and numerical techniques (RADIOSS and ABAQUS/Standard). The
most efficient mode of energy absorption was identified to be progressive collapse, as opposed
to Euler buckling. The Johnson-Cook equation was used to represent the stress strain curve
of aluminium A6060 T5. The quasi-static force-displacement history and deformation images
were used to classify the modes of deformation (axisymmetric and mixed). Dynamic tests
were performed (impact mass = 87-117 kg and velocity = 7-9 m/s). The initial dynamic peak
load was found to be 40-60% greater than the initial static peak load. The mean dynamic
load was found to be 10% greater than the mean static load. The strain rate sensitivity of
the aluminium material was found to be negligible within the tested impact velocity range.
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Abrate [5] considered the quasi-static behaviour of a single degree of freedom model, which
only considers the impact mass and the stiffness of the impact structure. This simple model
estimates the contact force history, while neglecting any inertial effects due to the structure’s
mass. The quasi-static approximation may be assumed if the mass of the structure is much
less than the mass of the impact.
Anis et al. [8] predicted the residual stresses in cold formed corners on S355 and S650
structural steels using ANSYS. The residual stress distribution was determined for 5 mm and
10 mm steel plates with varying bend radii and bend angles. The steel plates were punched
into shape using a die. This allowed for repeatable cold bending of the steel plates. It was
found that smaller bend angles, smaller bend radii and larger plate thickness have larger
residual stresses. The residual stresses below the neutral axis and close to the outer radius
were found to be the largest, and close to the yield strength of the material.
Tong et al. [33] states that residual stresses will significantly influence the buckling of a
compressive member. The bending moment load required will depend on whether it is being
bent further or unfolded, and if the inside surface has a tensile or compressive residual stress.
Marciniak [26] confirms that a smaller bending moment is required to unfold a bent steel
plate with its original residual stresses, when compared to the bending moment applied to
form the bend.
In summary, a detailed review of the following literature has been presented:
• a composite steering column that meets FIA safety regulations [11],
• different energy absorbing devices (metallic strap type [21], collapsible joint type [34],
bending and shearing type [20], perforated tube type [25, 30], and break away joint
type [19]) for steering systems to meet FMVSS test criteria,
• expected steering column loads under frontal impact [22],
• energy absorption characteristics for various steel tube profiles [1, 2, 3, 4, 35],
• various impact triggers for stable collapse modes [35],
• impact testing of metal crash boxes [23],
• the effect of different joining techniques of square tubular crash boxes [27],
• the progressive collapse of single and double cell steel tube arrangements [36],
• relationship between dynamic and static crush loads of tubes [6, 27],
• quasi-static approximation for light impact structures [5],
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• numerical modelling using LS-DYNA [11, 21, 25], PAM-CRASH [35], CRASH-CAD
[1, 35], RADIOSS [34], and ABAQUS [6].
• the residual stress distribution of bent steel plates [8], and
• residual stress effect on the buckling and bending of steel plates [26, 33].
The literature presented above is applicable to this study because it provides a comprehensive
summary of the available steering column impact testing literature, it explains what loads
and deformation modes are expected when crushing steering columns, it provides insight into
the required facilities to perform impact testing, it explains common features of numerical
impact test simulation results, it states the differences between static and dynamic crush
tests, and highlights the effect of residual stresses on crush loads.
1.3 Defining the Significance of this Study
To the author’s knowledge, there is only a single journal paper [11] that investigates a FIA
specification composite steering column. All the other literature on steering columns use the
FMVSS test criteria (impact force may not exceed 11,120 N for more than 3 ms). The FMVSS
test uses an impact mass of 34 kg with an impact velocity of 6.67 m/s (Energy = 756 J, and
maximum deceleration = 32.4 g. The FIA test uses a smaller impact mass of 8 kg at an
impact velocity of 7 m/s (Energy = 196 J, maximum deceleration = 80 g, and equivalent
force = 6187 N), as shown in Figure 1.4. The differences between the FIA and FMVSS
impact test specifications, and the publication of only one journal paper using the FIA test
specifications highlight that further research is required to obtain a better understanding of
impact testing according to FIA standards. The single journal paper investigated composite
steering columns according to FIA impact test specifications, and no literature exists on the
impact testing of steel steering columns according to FIA specifications.
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Figure 1.4: A review of the existing impact testing literature
1.4 Objectives
The main research objectives were:
1. To determine the residual stress effects from the manufacturing process (i.e. bending
and welding) on the energy absorption characteristics of a steel steering column tested
according to FIA specifications.
2. To determine the validity of the quasi-static approximation to model the energy ab-
sorption behaviour of a steel steering column tested according to FIA specifications.
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2 Background
The following section provides background on steering columns in general, a simplified impact
model, an overview of the Bailey Cars steering column design, and stress relief annealing.
2.1 Collapsible Steering Columns
The collapsible steering column was invented by Be´la Bare´nyi, an engineer at Daimler-Benz
AG, and the design was patented in 1954. The first vehicle to make use of Bare´nyi’s collapsible
steering design was the 1959 Mercedes-Benz W111 [15]. The impact testing of the collapsible
steering columns, shown in Figure 2.1, in Formula 1 race vehicles was introduced in 1997 [18].
Modern day passenger vehicles make use of various technologies to prevent steering column
injuries.
Figure 2.1: FIA compliant collapsible steering column by Gloria Cars [18]
A collapsible steering column may absorb energy by the following failure modes:
• Elastoplastic deformation [23]
• Buckling [23]
• Bending and Shearing [20]
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• Hydraulic damping [31]
The energy absorption performance of a steering column may be characterised using the
following parameters [11]:
• Impact duration between the first point of impact and the first instance at which the
velocity of the dropped mass is zero
• Accumulative time below -80 g indicates the severity of the impact transmitted to the
dropped mass
• Peak acceleration during the impact
• Average acceleration of the impact
• Residual height is the remaining height of the steering column after impact, including
any spring back effect
• Crush ratio is defined as the ratio between the peak and average acceleration
• Stroke efficiency is the percentage of the steering column height that absorbs the impact,
including any spring back effect
2.2 Simplified Impact Model
Huang et al. [22] suggested various spring and damper configurations for impact models. A
simplified impact model can be used to predict the dynamic behaviour of the dropped mass.
The proposed impact model investigates various constant acceleration pulses to determine
whether the steering column meets FIA specifications. A constant acceleration pulse is the
most efficient way to absorb the impact energy with the minimum crush distance and without
exceeding a deceleration of 80 g for more than 3 ms, as per the research findings of Chung
Kim Yuen et al. [36] and Al Galib et al. [6]. Figure 2.2 illustrates a free body diagram of
the dropped mass on a collapsible element of a steering column.
The following assumptions were made:
• Constant impact force and acceleration
• Inelastic impact between impact mass and steering column (Coefficient of Restitution,
e = 0)
• The equivalent steering column mass is one third of the steering column mass [22]
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Figure 2.2: Free body diagram of dropped impact mass
The final velocity, V2, of the impact mass, m, and the equivalent steering column mass,
ms
3 ,
is derived in Equation 2.1 and represented by Equation 2.2.
mV1 =
(
m+
ms
3
)
V2 (2.1)
∴ V2 =
(
m(
m+ ms3
))V1 (2.2)
The acceleration, a, of the impact mass and the equivalent steering column mass is described
by Equation 2.3.
(
m+
ms
3
)
a = F −
(
m+
ms
3
)
g (2.3)
The energy lost by the impact mass is absorbed by the steering column, i.e. work done on
the steering column by the impact mass is the change in Kinetic energy (KE) and Potential
energy (PE) as represented by Equation 2.5.
(KE + PE)1 = (KE + PE)2 + Energy Lost
1
2
(
m+
ms
3
)
V 22 + 0 = 0 +
(
m+
ms
3
)
g (−d) + Energy Lost
(2.4)
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∴ Energy Lost = 1
2
(
m+
ms
3
)
V 22 +
(
m+
ms
3
)
gd = Work Done (2.5)
The crush distance, d, required to absorb the impact energy may be calculated using Equation
2.7.
Work Done = (−F ) (−d)
1
2
(
m+
ms
3
)
V 2 +
(
m+
ms
3
)
gd = Fd
(2.6)
∴ d =
(
m+ ms3
)
V 2
2
(
F − (m+ ms3 ) g) (2.7)
The impact duration, t, is represented by Equation 2.9, and it may be used to determine if
the simplified steering column meets the FIA specifications.
 
0
v = u+ at (2.8)
∴ t = V2
a
(2.9)
The input parameters used in this analysis are summarised in Table 2.1. The focus of the
analysis was on crush distances less than 200 mm, due to the design constraints of a compact
race vehicle.
Table 2.1: Summary of the input parameters for the simplified impact model
Parameter Value Units
Impact Mass (m) 8 kg
Steering Column Mass (ms) 0.25764 kg
Combined Mass
(
m+ ms3
)
8.08588 kg
Impact Velocity (V1) 7 m/s
Final Velocity (V2) 6.92565 m/s
Gravitational Acceleration (g) 9.79 m/s2
The simplified impact model was used to determine the crush distance, impact duration
and if the steering column passed or failed the FIA specifications for a range of constant
deceleration pulses between 10 g and 300 g, shown in Figure 2.3.
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Figure 2.3: Energy absorption performance of constant acceleration pulses using the simplified
steering column model
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The constant acceleration pulses, illustrated in Figure 2.3, are divided into 3 categories:
I. Constant acceleration pulses under 80 g meet the FIA specification, however the crush
distance can exceed 200 mm if the steering column is too soft.
II. Constant acceleration pulses between 80 g and 235 g do not meet the FIA specifications
because the acceleration magnitude is always greater than 80 g.
III. Constant acceleration pulses over 235 g meet the FIA specification, but no longer func-
tion as an energy absorbing device and have crush distances of less than 10 mm.
This analysis illustrates that it is necessary to design a steering column with an average
deceleration comfortably less than 80 g. The 3 ms allowance for decelerations above 80 g can
accommodate the expected initial peak during dynamic impact tests. Actual steering column
behaviour exhibits both stiffness and damping characteristics. These are evident from the
spring back of steel steering columns and the energy dissipated by plastic deformation. The
stiffness and damping characteristics will depend on localised strain rates, residual stresses,
impact velocity and axial position of the impact mass.
2.3 Steering Column Geometry
The steering column, shown in Figure 2.4 and Figure 2.5, was manufactured from structural
mild steel (BS 4360 Grade 50 or EN 10025 S355JR equivalent - σY = 350MPa). The mass
of the steering column is 257.64 g and is 3.22% of the dropped 8 kg mass. A template was
laser cut from a 3 mm sheet. The template was bent into shape and then welded to a 4 mm
base plate. The manufacturing process was found to have a poor repeatability, because it
was highly dependent on the skill of manufacturer. The average height and its standard
deviation was 60.82 ± 3.30 mm, and the average diameter and its standard deviation was
91.79 ± 2.90 mm. A summary of height and diameters of the test specimens are shown in
Table 2.2. Figure 2.6 illustrates the variations of the inner profile of the steering columns. A
manufacturing jig is required to improve the repeatability of the manufacturing process.
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50◦ bend
90◦ bend
Figure 2.4: Ideal steering column geometry (all dimensions in mm)
Figure 2.5: As built collapsible metal steering column
The manufacturing process of the steering column introduced residual stresses after the cold
bending and the welding processes. Anis et al. [8] predicted residual stresses close to the yield
stress of the 5 mm thick S355JR material around the neutral axis and at the inside surface,
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Table 2.2: Height and diameters of the normal and heat treated steering column test speci-
mens
Test Specimen Height Diameter 1 Diameter 2
[mm] [mm] [mm]
1 (HT) 57.50 95.40 96.00
2 (HT) 60.00 90.40 93.54
3 (HT) 60.80 91.20 89.20
4 67.10 88.00 87.70
5 60.50 92.00 89.40
6 59.00 94.40 94.20
Figure 2.6: Sketch of the variations of the inner profile of the steering columns
when cold bent with a bend radius to plate thickness ratio of ro/t = 4 (Refer to Section 7.1
for the plate’s residual stress distribution). Li et al. [24] measured residual stresses of 230
MPa at welds on a 200 mm x 200 mm x 5 mm circle to rectangle formed beam section.
2.4 Stress Relief Annealing
Stress relief annealing is a heat treatment process used to reduce the residuals stresses in
the steering column from the manufacturing process (i.e. cold bending and welding). The
residual stresses in the steering column may be close to the yield strength of the material. The
residual stresses in the steering column may be eliminated by decreasing the yield strength
of the material to a value less than the minimum residual stress. The yield strength of the
material may be reduced by heating the specimen to 450-650◦C. Figure 2.7 illustrates the yield
strength of ASTM A572 structural steel at elevated temperatures. ASTM A572 structural
steel is similar to BS 4360 Grade 50 and EN 10025 S355JR. The recrystallisation temperature
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for the EN 10025 S355JR steel is within the range of 657 - 767◦C (based on the carbon content
with maximum alloying elements) [7]. The stress relief one hour soaking temperature should
be kept below 657◦C to avoid recrystallisation and grain growth. The yield stress of ASTM
A572 at 650◦C is 144 MPa. Higher heating temperatures and longer annealing soak times will
result in lower residual stresses. The stress relief annealing treatment will only be successful
if the cooling down process is slow and even. ASM states that up to 95% of the residual
stresses can be relieved if the steel specimen is heated to 650◦C and soaked for 6 hours [7].
The steering column test specimens for heat treatment were chosen randomly.
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Figure 2.7: The yield stress variation of an ASTM A572 structural steel with temperature
[13]
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3 Experimentation
This section describes the experimental planning, procedure and precautions for the static
testing of the steering columns.
3.1 Planning of the Experiment
The force-displacement characteristics of the steering columns were evaluated using a static
compression testing facility to determine:
1. the effects of residual stresses on a steering column’s ability to absorb energy, and
2. the validity of approximating the acceleration-time history during an FIA impact, by
applying the force-displacement history to the dropped mass using Newton’s laws of
motion and assuming quasi-static behaviour described by Abrate [5].
Stress relief annealing was used to reduce the residual stress effects on the steering columns.
The steering columns were placed in a molten salt bath at 650◦C for 1 hour (recrystallisation
and grain growth to be avoided). A temperature of 650◦C decreases the yield stress of mild
structural steel to 144 MPa, shown in Figure 2.7. The salt bath temperature was then reduced
to 550◦C during the next 12 hours. The steering columns were then allowed to evenly air
cool in ambient conditions. A molten salt bath was used to limit the amount of scale formed
on the steering column during the heat treatment process.
The Losenhausenwerk 4000 kg universal testing facility in the Civil Engineering department
at Wits University was used to measure the force-displacement characteristics of the steering
columns in compression. The Losenhausenwerk universal testing facility was last calibrated
in 2010, and therefore the load readings were verified using a calibrated load cell (see Section
3.3). The height of the steering column during the compression tests were measured using a
dial test indicator.
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3.2 Testing Facility
The Losenhausenwerk universal testing facility, shown in Figure 3.1, was used in the com-
pression testing configuration. The control system is illustrated in Figure 3.2, and the dial
gauge load readout has the following scales 200 kg, 400 kg, 800 kg, 2000 kg and 4000 kg.
The mass settings for different scales on the dial gauge readout are shown in Figure 3.3. A
self-aligning upper compression plate was used to ensure even compression of the steering
column, as illustrated in Figure 3.4. A special spacer, shown in Figure 3.4, was manufactured
to hold the test specimen in place and allow for deformation of the steering column’s side
supports without contact with the lower compression plate. A summary of the equipment
and instrumentation used is highlighted in Table 3.1.
Table 3.1: Summary of the test equipment and instrumentation
Equipment Description
Losenhausenwerk Universal Testing Facility Serial Number: 5114 1956
Maximum Range: 4000 kg
Accuracy: 5 kg
Starrett Dial Test Indicator Serial Number: 656 5041
Maximum Range: 5.000”
Accuracy: 0.001”
Ametek Load Cell Part Number: LPE1000LB-T
Serial Number: 343433-1
Maximum Range: 450 kg
Excitation Voltage: 2.5 V
NI Data Acquisition System USB-9219
4-Channel Universal Analog Input Module
Digital Camera with Tripod Canon Powershot A720is
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Figure 3.1: Losenhausenwerk 4000 kg universal testing facility
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Figure 3.2: Load control system and dial gauge readout for the static testing facility
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Figure 3.3: Mass setting for different scales on the dial gauge readout
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Test specimen
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Cross head
Figure 3.4: A test specimen held in place with the spacer
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3.3 Calibration
The load readout of the Losenhausenwerk testing facility was verified using an Ametek 450 kg
load cell. The load cell was calibrated using dead weights and is illustrated in Figure 3.5. The
testing facility’s 2000 kg readout was verified for increasing loads only by using the calibrated
load cell, shown in Figure 3.6.
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Figure 3.5: Dead weight calibration of the AMETEK load cell
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Figure 3.6: Verification of the 2000 kg scale readout of the Losenhausenwerk test facility
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3.4 Procedure
The following steps were followed for the static compression testing:
1. Switch on the Losenhausen universal testing machine
2. Select the 2000 kg scale by placing weights B and C in position I, as shown in Figure
3.3
3. Mount the digital camera on a tripod and focus the lens on the test specimen
4. Adjust the cross head such that there is 150 mm gap between the compression plates
5. Zero the load readout on the dial gauge
6. Place the spacer and test specimen in the centre of the lower compression plate
7. Use the coarse cross head travel speed adjustment lever to reduce the gap between the
upper compression plate and the test specimen
8. Record the initial readout on the displacement dial gauge, as the initial load is applied
9. Use the fine cross head travel speed adjustment knob to start applying load to the
steering column
10. Record the load reading and displacement dial gauge at suitable intervals
11. Record a still image using the digital camera at each load interval
12. Compress the steering column until it collapses on itself and the load increases to a
maximum of 1500 kg
13. Use the coarse cross head travel speed adjustment lever to release the load on the test
specimen
14. Remove the spacer and test specimen from testing facility
15. Repeat step 4-14 until all test specimens are crushed
16. Switch off the Losenhausen universal testing machine
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3.5 Precautions
The following precautions were necessary to improve the quality of the observations:
• Use a belt sander to flatten the high spots on the underside of the steering column test
specimens
• Ensure that the side supports of the test specimen do not make contact with the guide
rails during the compression tests
• Lubricate and tighten the top self-aligning compression plate to remove unecessary play
• Load intervals were limited by either 0.1 inches of displacement or 50 kilograms of load,
in order to improve the resolution of the observations
• The load readings were recorded immediately after the displacement readings stabilised,
in order to capture the ”dynamic” loads (the load reading slowly decreased with a
constant displacement due to inertial and localised yielding effects)
• Adhust the fine cross head travel speed adjustment knob carefully, because the load
readings increase rapidly during the initial and final compression phases (self-contact)
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4 Numerical Model
This section describes the numerical model developed to predict and understand the energy
absorption characteristics of the steering column. The ANSYS Explicit STR simulation
software was used to develop the numerical model.
4.1 ANSYS Explicit STR
ANSYS Explicit STR was used to numerically model the collapsible steering column and
predict the energy absorption characteristics of the steering column. ANSYS Explicit STR is
fully integrated into the ANSYS Workbench environment, and uses the Lagrange structural
solver from ANSYS AUTODYN. The Lagrange solver uses a mesh that deforms with the
model as loads are applied. ANSYS Explicit STR is capable of simulating short duration
impact loadings with multiple contacts, highly non-linear responses, large strains and high
strain rates. This makes ANSYS Explicit STR well suited to modelling the FIA impact test
of the steering column [9].
4.2 Modelling Geometry
The geometry of the collapsible steering column is illustrated in Figure 2.4. A thin surface
was generated along the outer profile of the steering column. The thin surface was used
to discretise the steering column into shell elements. An 8 kg mass was dropped onto the
steering column, such that an impact velocity of 7 m/s was achieved before initial contact
(see Figure 4.1).
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Figure 4.1: ANSYS Explicit STR numerical model of the steering column
The following assumptions were made in the modelling process of the steering column geom-
etry:
• The base welds were neglected and replaced with a fixed support,
• The variations in the steering column geometry were neglected.
4.3 Material Model
The ”Structural Steel NL” definition in the ANSYS Engineering Material Library was used to
represent the steering column and the dropped mass. The Bilinear Isotropic Hardening model
was chosen to predict the yield stress, σ, of the steering column under high localised strains,
, and to represent the strain hardening effect. The Bilinear Isotropic Hardening model is
described by Equation 4.1 and 4.2. Table 4.1 summarises the properties of ”Structural Steel
NL”. Figure 4.2 illustrates the variation in yield stress with strain.
σ = E [for  ≤ elastic] (4.1)
σ = σY +
dσ
d
(− elastic) [for  > elastic] (4.2)
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Table 4.1: Properties of the ”Structural Steel NL” ANSYS material definition
Density 7850 kg.m−3
Isotropic Elasticity
- Youngs Modulus (E) 207 GPa
- Poissons Ratio 0.3
- Bulk Modulus 166.67 GPa
- Shear Modulus 76.923 GPa
Bilinear Isotropic Hardening Model
- Yield Strength (σY ) 350 MPa
- Tangent Modulus (dσd ) 1.45 GPa
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Figure 4.2: The yield stress variation predicted by the Bilinear Isotropic Hardening Model
The following assumptions were made in modelling the material properties:
• The residual stresses from the cold bending process were neglected,
• The residual stresses from the welding process were neglected.
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4.4 Meshing Strategy
The steering column geometry was represented by quadrilateral shell elements, shown in
Figure 4.3, which were discretised into 1853 (coarse), 2553 and 3788 (fine) elements. The
steering column was meshed using the automatic explicit meshing function with a 2.4 mm
(coarse), 2.0 mm and 1.6 mm (fine) sizing function. Finer meshes require a smaller time step
due to the explicit solver, which results in longer solver durations.
Figure 4.3: Meshing of the steering column geometry with shell elements
4.5 Initial Conditions
A trajectory based contact detection method was selected with frictionless interaction. The
dropped mass was specified with an initial velocity of 7 m/s. A gravitational acceleration of
9.79 m/s2 was defined in the positive z-direction.
4.6 Constraints
The base of the steering column was constrained with a fixed support, shown in Figure 4.1.
The dropped mass was constrained to movement in only the z-direction with no rotations.
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4.7 Analysis Settings
The standard analysis settings were used with automatic mass scaling and a maximum al-
lowable energy error of 10%. The automatic mass scaling function was found to have no
significant effect on the results when compared to a solution with no automatic mass scaling.
4.8 Post-Processing
The displacement, velocity, acceleration and contact force were measured in the z-direction
using result trackers. The deformation, stress and strain result plots were selected for display.
4.9 Mesh Quality
The mesh metric function within ANSYS was used to analyse the quality of the mesh. The
following mesh metrics were analysed:
• Element Quality [0− 1] - ratio of the volume to the edge length (Element Quality of a
perfect square = 1)
• Jacobian Ratio [1 − ∞] - indicates whether the opposite sides of a quadrilateral are
parallel and straight (Jacobian Ratio of an ideal quadrilateral is 1)
• Skewness [0−1] - compares the element skewness to an equiangular quadrilateral (Skew-
ness of an ideal quadrilateral is 0)
Table 4.2 contains a summary of the mesh quality parameters for the three meshes. The
element quality for all meshes were close to one. The Jacobian ratios for all meshes were
very low. The element skewness (less than 0.25) was found to be excellent. The finer mesh
(1.6 mm) was found to have the best mesh quality parameters.
Table 4.2: Average mesh quality parameters for the coarse and fine mesh
Sizing Function Elements Element Quality Jacobian Ratio Skewness
2.4 mm 1853 0.878 1.272 0.133
2.0 mm 2553 0.877 1.259 0.132
1.6 mm 3788 0.907 1.185 0.101
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4.10 Validation
The numerical model will be qualitatively validated in Section 5 by comparing the predicted
failure modes to the deformations experienced during the static compression tests. The
accelerations calculated from the experimental results will be compared to the accelerations
predicted by the numerical model in Section 7.2, in order to quantitatively validate the
numerical model.
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5 Observations
This section presents the observations from the experimental testing and numerical simula-
tions of the steering column impact.
5.1 Static Testing
The steering column 1 (HT) shown in Figure 5.1 collapsed during the application of a crush
load. The steering column begins to deform in the following manner at its critical sections
with stress raisers:
• deforming of the top surface,
• unfolding of the four 90◦ bends between the top surface and the side supports, and
• folding of the two 50◦ bends on each side support.
The steering column starts to collapse on itself after a crush distance of 35 mm and the
crush load increases. The top surface makes contact with the lower bend of the side support,
resulting in an increase in steering column stiffness. The final collapsed state of steering
column 1 (HT) is shown in Figure 5.2. The top surface of the steering column straightens
out at the end of its collapse.
The force-displacement history for each steering column is illustrated in Figure 5.3. The error
bars in Figure 5.3 have been omitted because the error bars were smaller than the data point
markers. All the steering columns follow a similar trend apart from the deviation between
the normal and heat treated steering columns during the initial crush phase (crush distance
≈ 5 mm). The crush images of steering column 1 (HT) correlating to points, A1, B1 and
C1, on Figure 5.3 are illustrated in Figure 5.4. The variation in the height and diameter of
the steering columns were observed to affect the force-displacement history. Steering column
4 experienced the largest crush distance due to the steering column having the smallest
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diameter and greatest height. The crush images of steering column 4 correlating to points,
A4, B4, C4 and D4, on Figure 5.3 are illustrated in Figure 5.5.
(a) d = 0.000 mm (b) d = 2.286 mm
(c) d = 16.078 mm (d) d = 31.369 mm
(e) d = 40.665 mm (f) d = 46.406 mm
Figure 5.1: Images of steering column 1 (HT) during static compression testing
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Figure 5.2: Final state of steering column 1 (HT) after static compression testing
0 5 10 15 20 25 30 35 40 45 50 55
0
2 000
4 000
6 000
8 000
10 000
12 000
14 000
16 000
A1
B1
C1
A4
B4
C4
D4
Crush Distance (d) [mm]
C
ru
sh
L
oa
d
(F
)
[N
]
1 (HT)
2 (HT)
3 (HT)
4
5
6
Figure 5.3: Static compression test observations for normal and heat treated (HT) 3 mm
steering columns
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(a) d = 3.175 mm (A1) (b) d = 36.500 mm (B1) (c) d = 44.526 mm (C1)
Figure 5.4: Crush images of test specimen 1 (HT) at distinct points during the crush test.
(a) d = 1.372 mm (A4) (b) d = 8.661 mm (B4)
(c) d = 44.120 mm (C4) (d) d = 51.791 mm (D4)
Figure 5.5: Crush images of test specimen 4 at distinct points during the crush test.
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5.2 Numerical Dynamic Simulations
The numerical model successfully predicted the deformation modes, discussed in Section 5.1,
experienced by the steering column during static compression testing. The deformations of
the steering column from the ANSYS numerical model are shown in Figure 5.6. The numerical
simulation had a crush distance of 39.6 mm and the top surface did not make contact with
the lower bend on the side supports, as illustrated in Figure 5.6j. The predicted deformations
from the numerical model are qualitatively similar to the actual deformations. In order to
quantitatively validate the numerical model, the force-displacement history from the static
testing will be integrated to determine what displacement is required to absorb the impact
energy.
The three different mesh resolutions (2.4 mm, 2.0 mm and 1.6 mm element size) predicted
similar force-displacement histories, as shown in Figure 5.7. All three meshes predicted similar
peak crush loads at a crush distance of 3.5 mm, as illustrated in Figure 5.8. Therefore the
three numerical solutions are mesh independent. The results from the 1.6 mm element size
mesh were used for the remainder of this study.
The equivalent stress contours around the peak crush load at a crush distance of 3.5 mm
are shown in Figure 5.9. High stress regions on the bends of the side supports and critical
sections of the top surface may be seen in Figure 5.9b. The first peak crush load at a crush
distance of 3.5 mm is due to the deformation of the top surface at its critical section. The
second peak crush load at a crush distance of 4.0 mm is due to the deformation of the 90◦
bends between the top surface and the side supports.
The equivalent stress contours during the impact duration are shown in Figure 5.10. At
impact time t = 3 ms, refer to Figure 5.10a, it may be seen that the bends on the side
supports and the upper surface are absorbing the energy due to the high stress regions. At
impact time t = 9 ms, refer to Figure 5.10c, the stresses in the top surface have reduced and
only the bends on the side supports are highly stressed. This explains the high initial crush
loads when the side supports and top surface are deforming, and then the declining crush
loads are due to only the bends on the side supports deforming. The initial peak crush loads
will have components of the material’s elastic response and the localised strain hardening
effect. The reducing crush loads towards the end of the impact were also due to the reduced
side support axial stiffness when the bends collapse to acute angles, shown in Figure 5.10d.
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(a) t = 0.0 ms, d = 0.0 mm (b) t = 1.5 ms, d = 9.7 mm
(c) t = 3.0 ms, d = 17.7 mm (d) t = 4.5 ms, d = 24.1 mm
(e) t = 6.0 ms, d = 29.1 mm (f) t = 7.5 ms, d = 33.1 mm
(g) t = 9.0 ms, d = 36.0 mm (h) t= 10.5 ms, d= 38.0 mm
(i) t = 12.0 ms, d = 39.2 mm (j) t = 13.5 ms, d = 39.6 mm
Figure 5.6: Numerical deformation images of the 3 mm steering column during the impact
duration (1.6 mm element size) [blue contours indicate low deformations and red contours
indicate high deformations]
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Figure 5.7: Comparison of different mesh resolutions for the 3 mm steering column
0 1 2 3 4 5 6 7 8 9 10
0
5 000
10 000
15 000
20 000
25 000
30 000
First peak
Second peak
Crush Distance (d) [mm]
C
ru
sh
L
oa
d
(F
)
[N
]
2.4 mm element size
2.0 mm element size
1.6 mm element size
Figure 5.8: Comparison of different mesh resolutions for the 3 mm steering column during
the initial impact phase
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(a) t = 0.3 ms, d = 2.0 mm (b) t = 0.45 ms, d = 3.0 mm
(c) t = 0.6 ms, d = 4.0 mm (d) t = 0.75 ms, d = 5.0 mm
Figure 5.9: Equivalent stress contours of the 3 mm steering column during the initial impact
phase (1.6 mm element size) [blue contours indicate low stresses and red contours indicate
high stresses]
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(a) t = 3 ms, d = 17.7 mm (b) t = 6 ms, d = 29.1 mm
(c) t = 9 ms, d = 36.0 mm (d) t = 12 ms, d = 39.2 mm
Figure 5.10: Equivalent stress contours of the 3 mm steering column during the impact
duration (1.6 mm element size) [blue contours indicate low stresses and red contours indicate
high stresses]
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6 Data Processing
This section presents the data processing and uncertainty analysis methods.
6.1 Residual Stress Data Processing
The static testing observations were normalised to minimise the effect of the varying steering
column heights and diameters. The normalised results will be used to evaluate the residual
stress effects. Each steering column force-displacement history from Figure 5.3, F (x), was
analysed for the maximum force, Fmax, and crush distance, dmax, using Equation 6.1 and 6.2,
respectively.
Fmax = max (F ) (6.1)
dmax = max (d) (6.2)
The normalised force and displacement results were calculated using Equation 6.3 and 6.4,
respectively.
Normalised Fi = F/Fmax (6.3)
Normalised di = d/dmax (6.4)
The normalised force-displacement results for the normal and heat treated steering columns
are shown in Figure 7.2.
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6.2 Dynamic Impact Data Processing
The static force-displacement history for each steering column was used to determine how the
steering column would behave under dynamic impact conditions by assuming the quasi-static
approximation. The acceleration of the impact mass, a, was determined using Equation 6.5
and the crush load, F .
ma = F −mg (6.5)
The velocity of the impact mass, v, was derived from the acceleration of the impact mass
and then integrated, as shown in Equation 6.6, 6.7, 6.8 and 6.9. The velocity of the impact
mass is represented by Equation 6.10.
a =
dv
dt
(6.6)
a =
dv
dt
· dx
dx
(6.7)
∫ x
0
a · dx =
∫ v
v0
v · dv (6.8)
∫ x
0
a · dx = v
2
2
− v
2
0
2
(6.9)
∴ v =
√
2
(∫ x
0
a · dx+ v
2
0
2
)
(6.10)
The impact time, t, may be derived from the velocity of the impact mass, v, and then
integrated, as shown in Equation 6.11, 6.12 and 6.13. The impact time is represented by
Equation 6.14.
v =
dx
dt
(6.11)
dt =
1
v
· dx (6.12)
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∫ t
0
dt =
∫ x
0
1
v
· dx (6.13)
∴ t =
∫ x
0
[
2
(∫ x
0
a · dx+ v
2
0
2
)]−0.5
· dx (6.14)
The displacement-, velocity- and acceleration-time results for steering column 1 (HT) are
illustrated in Figure 7.6, 7.7 and 7.8, respectively. The Le Mans regulations required the
acceleration to be filtered using a CFC 600 filter (i.e. a low pass digital filter with a -3
db cutoff frequency, Fc, at 1000 Hz). The sampling frequency, Fs, was determined by the
dividing the number of samples by the impact duration. A N = 4-pole digital Butterworth
filter was designed in Matlab and is described by the following code:
1 Fs = samples/duration;
2 N = 4;
3 Fc = 1000;
4 h = fdesign.lowpass('N,F3dB', N, Fc, Fs);
5 Hd = design(h, 'butter');
6 a f = filter(Hd,a);
The filtered experimental, af , and numerical accelerations are illustrated in Figure 7.9.
6.3 Uncertainty Analysis
The calculation of the uncertainty propagation was a challenge, due to the integral solutions
to Equation 6.10 and 6.14. Table 6.1 summarises the sources of measurement errors. The
DAQ voltage measurement error was negligible.
Table 6.1: Summary of the instrumentation accuracies
Instrument Accuracy
Losenhausenwerk Universal Testing Facility ±49.3 N
Starrett Dial Test Indicator ±0.0254 mm
NI Data Acquisition System Negligible
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The uncertainty propagation was estimated by performing a sensitivity analysis with the
force-displacement curves illustrated in Figure 5.3. The uncertainty errors for steering col-
umn 1 (HT) have been illustrated in Figure 7.6, 7.7, 7.8 and 7.10, as error lines. The uncer-
tainty errors due to the displacement measurements were found to be negligible. The force
measurement errors resulted in minimal uncertainty errors (approximately 2.5 %). The un-
certainty errors were minimised due to the load readout calibration of the static compression
test facility.
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7 Results and Discussion
This section contains the processed results, and discussion on the validity of neglecting resid-
ual stresses and the quasi-static approximation.
7.1 Validity of Neglecting Residual Stresses
The key features of the steering have been illustrated in Figure 7.1.
Welded joint undeformed
Top surface deforming
90◦ bend unfolding
50◦ bend folding
50◦ bend folding
Figure 7.1: Key features of the steering column
The normalised force-displacement history of the steering columns is shown in Figure 7.2.
Five distinct phases may be distinguished in Figure 7.2:
A. Initial impact shown in Figure 7.3b (elastic response) [0 ≤ d/dmax < 0.05]
B. Deformation of the top surface and unfolding of the 90◦ bends shown in Figure 7.3c
(plastic response) [0.05 ≤ d/dmax < 0.2]
C. Further folding of the 50◦ bends and collapse of the side supports shown in Figure 7.3d
(buckling) [0.2 ≤ d/dmax < 0.8]
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D. Contact between the top surface and the side supports, and flattening of the top surface
shown in Figure 7.3e (plastic response and indentation into the side supports) [0.8 ≤
d/dmax < 0.97]
E. Steering column has flattened on itself and becomes extremely stiff shown in Figure
7.3f (elastic response) [0.97 ≤ d/dmax ≤ 1]
The normal and heat treated steering columns behaved in a similar manner, except during
phase B and D. The differences during phase B may be attributed to the residual stresses
introduced during the manufacturing process and will be discussed in more detail. The un-
predictable differences during phase D may be due to the top surface coming into contact
with either one, two, three or four side supports depending on the geometrical manufacturing
errors and the symmetry of each steering column. Steering column 2 and 3 (HT) has outly-
ing data points during phase A, as illustrated in Figure 7.2, due to experimental error (i.e.
larger than required crush distances between data point intervals were used and there was a
delay in recording the load readout which resulted in a reduced load as the steering column
experienced localised yielded). The gradient of the elastic response during phase A is similar
to phase E.
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Figure 7.2: Normalised crush load of normal and heat treated (HT) steering columns
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(a) d/dmax = 0 (0) (b) d/dmax ≈ 0.1 (A) (c) d/dmax ≈ 0.2 (B)
(d) d/dmax ≈ 0.8 (C) (e) d/dmax ≈ 0.97 (D) (f) d/dmax = 1 (E)
Figure 7.3: Crush images of the five distinct phases for steering column 1 (HT).
The stress relief annealing process was assumed not to have a major effect on the micro-
structure of the material, because the normal and heat treated steering columns have a similar
strength throughout the distinct phases shown in Figure 7.2. If the material experienced grain
growth from being above its recrystallisation temperature, this would have resulted in lower
material strengths and a faster collapse of the steering column. The stress relieved steering
columns show an increase in strength during phase B.
The theoretical residual stress distribution is compared with a numerical estimate of the
residual stresses in a bent S355JR steel 5 mm plate with a bend radius to plate thickness
ratio of ro/t = 4 by Anis et al. [8]. The theoretical stress distribution follows a similar
trend to the numerical estimate as shown in Figure 7.4. A derivation of the theoretical stress
distribution is discussed in Appendix A. The theoretical residual stress distribution contains
stresses greater than the yield stress of the material, and does not allow for localised yielding
during the load reversal. The theoretical residual stress distribution predicts a central neutral
axis, however the numerical estimate has a shifted neutral axis towards the bend centre. These
differences are due to the larger bend radius to plate thickness ratio, and results in the 5 mm
plate not experiencing a fully plastic deformation during the initial load cycle.
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Figure 7.4: Theoretical and numerical residual stress distribution in 90◦ bends
The peak stress values above the stress relief limit (σY,650◦C = ±144 MPa) in Figure 7.4 will
be alleviated during the stress relief process, and the stresses in the plate will redistribute
to ensure a zero net force and moment. An approximation of the post heat treatment stress
distribution is shown in Figure 7.4, similar to the stress distributions of Sedek et al. [29] on
stress relieved weld joints. It should be noted that the 90◦ bends are constrained by the rest
of the steering column and this will result in minimal geometry changes during the stress
relief process.
The 90◦ bend (see feature in Figure 7.1) is unfolded during phase B to allow for the top
surface to deform and the steering column to collapse. The theoretical residual stress distri-
bution predicts stress values over the yield stress at the neutral axis and the inner surface.
Therefore a minimal anti-clockwise bending moment is required to start yielding at the in-
ner surface and unfolding the 90◦ bend. The stress relief annealing process results in lower
residual stresses, as illustrated by the approximated post heat treated stress distribution in
Figure 7.4, at the neutral axis and inner surface. Therefore a much larger anti-clockwise
bending moment, Munfold = 5.79 N.m as calculated in Appendix A, is required to unfold the
90◦ bend as illustrated in Figure 7.5. It may be seen that a larger clockwise bending moment
is required to bend it further as opposed to the anti-clockwise bending moment required to
unfold the 90◦ bend. This insight is confirmed by Marciniak et al. [26]. This results in the
heat treated steering columns having a higher effective stiffness during phase B and improved
energy absorption characteristics. However, the additional energy absorbed during phase B
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by the heat treated steering columns is negligible when compared to the total impact energy.
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Figure 7.5: Theoretical unfolding stress distribution in the 90◦ bends from the unfolding
bending moment
The two 50◦ bends (see feature in Figure 7.1) on each side support experience further folding,
however they are unaffected by the stress relief process because the residual stresses in the two
50◦ bends are less than the stress relief limit (σY,650◦C = ±144 MPa). The residual stresses in
the two 50◦ bends are less than the 90◦ bend because the 50◦ bends do not experience fully
plastic deformation due to the higher bend radius to plate thickness ratio and lower bend
angle.
The residual stresses from the welded joints between the side supports and base had no effect
on the energy absorption characteristics of the steering column, because minimal deformation
occurred at the welded joints during impact.
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7.2 Validity of Quasi-Static Approximation
The quasi-static approximation was used to convert the static force-displacement history to
represent the dynamic acceleration-time behaviour of the steering column. This analysis
was necessary in order to validate the dynamic numerical model and to evaluate the Le
Mans impact criteria (refer to Section 6.2 for a description of how the dynamic behaviour
was estimated from the static results). Figure 7.6, 7.7 and 7.8 compare the numerical and
experimental steering column 1 (HT) displacement-, velocity- and acceleration-time results,
respectively.
The displacement-, velocity- and acceleration-time plots illustrate that the numerical model
predicts a softer steering column, because the displacement is greater, the impact duration
is longer and the noisy numerical acceleration is less than the experimental acceleration of
steering column 1(HT). The difference in steering column strength may be due to differences
in the experimental and numerical geometry, and the yield strength of the material. It is
commonly known that material data sheets state a minimum yield stress value for a given
thickness, and in reality the yield stress may be greater. It should also be noted that the
experimental velocity in Figure 7.7 does not end at zero, due to the time parameter tending
to infinity if the velocity tends to zero (See Equation 6.12, 6.13 and 6.14). The accuracy of
this analysis may be improved by reducing the integral time step in the numerical integration
process.
The numerical displacement and velocity follow a similar trend to the experimental results
except they start deviating from the experimental results at t = 5 ms and t = 3 ms, re-
spectively. The numerical velocity experiences oscillations between t = 0 ms and t = 2 ms.
This is due to the momentum transfer occurring on impact. The steering column is station-
ary at t = 0 ms, and then the momentum of the impact mass is transferred to the steering
column upon initial impact. This results in the steering column accelerating away from the
impact mass until it slows down and then the impact mass strikes the steering column again.
The oscillations or noise in the numerical acceleration, between t = 0 ms and t = 2 ms, is
further evidence of the impact mass decelerating and then accelerating when the steering
column accelerates away from the impact mass. The experimental results do not illustrate
this behaviour because they are derived from static results. The oscillations and noise in the
numerical velocity and acceleration may be exaggerated by the small time steps and explicit
nature of the numerical solver. This phenomenon should not be confused with bounce back,
which is experienced when the stiffness of the steering column becomes extremely rigid and
the impact mass is accelerated in the upward direction. Bisagni et al. [11] also experienced
the momentum transfer phenomenon during steering column testing, and therefore filtered
both the experimental and numerical results using a channel frequency class 180 filter. The
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experimental and numerical results were filtered using a channel frequency class 600 filter, as
per the Le Mans safety regulations.
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Figure 7.6: Predicted impact mass displacement for steering column 1 (HT) with lower and
upper uncertainties
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Figure 7.7: Predicted impact mass velocity for steering column 1 (HT) with lower and upper
uncertainties
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Figure 7.8: Predicted impact mass acceleration for steering column 1 (HT) with lower and
upper uncertainties
The experimental and numerical accelerations were filtered using the digital filter described in
Section 6.2 and the results are illustrated in Figure 7.9. The initial acceleration trend exhibits
the response from the 1000 Hz filter. Steering column 4 was found to be the strongest steering
column by its high peak acceleration at t = 1.8 ms and its shorter impact duration. Steering
column 4 had a height of 67.10 mm and an average diameter of 88.85 mm. Steering column 4
was taller in height and smaller in diameter than the rest of the test specimens summarised
in Table 2.2. A smaller diameter will result in a higher peak acceleration and buckling load,
because of the reduced eccentricity on the side supports. The peak acceleration between t
= 0.5 ms and t = 2 ms will depend on the height, diameter, residual stress level and yield
stress limit. The non-heat treated steering columns exhibit lower strengths at t = 0.5 ms
due to the residual stresses in the 90◦ bends, as discussed in Section 7.1. The numerical
acceleration does not illustrate the lower strength at t = 0.5 ms, because the residual stresses
were neglected in the numerical model. The numerical acceleration closely follows the trend
of steering column 1 (HT), 2 (HT), 3 (HT), 5 and 6 between t = 2 ms and t = 13 ms.
This result further illustrates that the residual stresses in the 50◦ bends are much smaller
than the 90◦ bends. The Le Mans safety criteria (accumulative time above an acceleration
magnitude of 80 g) may be assesed by using Figure 7.9. Table 7.1 and 7.2 summarise the
energy absorption characteristics for the experimental and numerical results.
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Figure 7.9: Predicted filtered accelerations for the normal and heat treated (HT) steering
columns
The acceleration-time results were normalised and illustrated in Figure 7.10, 7.11 and 7.12, in
order to reduce the effect of the geometrical differences in the steering columns. The numerical
normalised filtered acceleration has a slower initial stiffness response between t/tmax = 0 and
t/tmax = 0.08 (refer to Figure 7.10). Each steering column exhibited slight differences in
initial stiffness response as illustrated in Figure 7.11. This may be due to differences in
material yield strength for each test specimen.
The numerical normalised filtered acceleration experienced a faster reduction in buckling
load between t/tmax = 0.08 and t/tmax = 0.3 (refer to Figure 7.10). The faster reduction in
buckling load was attributed to neglecting the residual stresses in the 50◦ bends, and further
bending requires a larger bending moment when residual stresses are present as discussed in
Section 7.1.
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Figure 7.10: Predicted normalised filtered acceleration of steering column 1 (HT) with lower
and upper uncertainties
The non-heat treated steering columns experience a delayed onset of the peak acceleration
between t/tmax = 0.1 and t/tmax = 0.2, as opposed to the heat treated steering columns
between t/tmax = 0.08 and t/tmax = 0.15 (refer to Figure 7.11). The delayed onset of the
peak acceleration was a consequence of the residual stresses present in the 90◦ bends, as
discussed in Section 7.1.
The heat treated steering columns all displayed a similar buckling response after t/tmax =
0.2 (refer to Figure 7.11). This was evident only after normalising the results in Figure 7.8
and reducing the effect of the geometrical differences. The non-heat treated steering columns
illustrated variability in its buckling response after t/tmax = 0.2. This may be due to the
varying degree of residual stresses present in the 50◦ bends, as a result of the geometrical
bending differences.
The improved strength of the heat treated steering columns may again be seen between t/tmax
= 0.05 and t/tmax = 0.1 in Figure 7.12. The residual stresses in the 90
◦ bends of the normal
steering columns resulted in a reduced stiffness during the initial impact phase.
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Figure 7.11: Predicted normalised filtered accelerations for the normal and heat treated (HT)
steering columns
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Figure 7.12: Predicted normalised filtered accelerations for the normal and heat treated (HT)
steering columns during the initial impact phase
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Table 7.1: Summary of the steering column’s energy absorption characteristics
1 (HT) 2 (HT) 3 (HT) 4 5 6
Impact duration [ms] 11.67 11.56 12.90 10.48 12.70 12.52
Crush distance [mm] 37.07 36.99 42.32 34.99 39.88 40.46
Peak deceleration [g] 86.82 88.12 80.35 89.10 84.70 78.74
Average deceleration [g] 65.83 65.95 57.63 69.26 61.33 60.23
Residual height [mm] 20.43 23.01 18.48 32.11 20.62 18.54
Crush ratio 1.32 1.34 1.39 1.29 1.38 1.31
Stroke efficiency [%] 60.27 57.80 65.31 49.21 61.82 64.22
Accumulative time [ms] 1.66 1.88 0.36 2.20 1.06 0.00
The residual stresses were neglected when analysing the energy absorption characteristics,
as summarised in Table 7.1, because the geometry differences were a more dominant effect.
The averaged and standard deviation of each energy absorption characteristic is summarised
in Table 7.2. On average, it was found that the experimental results and numerical model
of the steering column met the Le Mans safety regulations (accumulative time above an
acceleration magnitude of 80 g was less than 3 ms). The numerical model over-predicted the
crush distance, peak acceleration, residual height and stroke efficiency to within 7% because
of its softer characteristics. The numerical model under-predicted the average deceleration
and accumulative time by a maximum of 37% due to its softer characteristics. All of the
numerical results (crush distance, peak deceleration, residual height, stroke efficiency and
accumulative time) are within the range of plus minus one standard deviation, except for the
impact duration, average deceleration and crush ratio results which are within two, three and
nine standard deviations of the experimental results, respectively.
Table 7.2: Comparison of the steering column’s energy absorption characteristics
Average Deviation Numerical Difference
Impact duration [ms] 11.97 0.92 13.51 12.8%
Crush distance [mm] 38.62 2.72 39.57 2.5%
Peak deceleration [g] 84.64 4.24 87.51 3.4%
Average deceleration [g] 63.37 4.34 51.92 -18.1%
Residual height [mm] 22.20 5.13 23.73 6.9%
Crush ratio 1.34 0.04 1.69 26.0%
Stroke efficiency [%] 59.77 5.84 62.51 4.6%
Accumulative time [ms] 1.19 0.88 0.76 -36.3%
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Al Galib et al. [6] stated that the inertia of the impact mass plays an important role in
buckling failure modes, and both Al Galib et al. [6] and Abrate [5] found the quasi-static
approximation to be valid when the impact mass is much greater than the impact structure
mass. Su et al. [32] investigated an inertia sensitive collapsible structure and found that when
the impact structure mass was less than 0.33% of the impact mass (this depends greatly on the
steering column design and its dominant failure mode), then the quasi-static approximation
was in reasonable agreement with the dynamic results.
The steering column mass was 3.22% of the impact mass, and the dynamic numerical model
results were in good agreement with the approximated experimental results. Therefore, the
quasi-static approximation was found to accurately predict the dynamic impact behaviour
of the steering column. The quasi-static approximation would have yielded improved results
when compared to the dynamic numerical model, if the residual stresses in the 50◦ bends
(this has a strengthening effect which prevents the buckling load from decreasing rapidly)
and the geometrical differences were accounted for in the numerical model. The uncertainty
of the exact material yield strength would also have a major effect on the overall strength of
the numerical steering column.
The validity of the quasi-static approximation may be void when the mass of the complete
steering system is included with the steering column mass. A 2.4 kg steel block was added
to the numerical steering column model in order to determine the effect of additional inertia.
The steel block was bonded to the top surface of the steering column. The total steering
system mass was now 33.22% of the impact mass. The filtered acceleration-time history of the
steering columns without and with additional inertia are shown in Figure 7.13. The steering
column with the additional inertia has a much larger initial peak (refer to Figure 7.13), due
to more energy being absorbed during the momentum transfer from the impact mass to the
steering system until the impact mass and steering system reach a common velocity. The
steering column with additional inertia deformed in a similar manner to the steering column
without additional inertia, and the acceleration after t= 3 ms oscillated about the acceleration
trend of the steering column without additional inertia. The oscillations experienced with
the additional inertia are due to the structural looseness of the bonded constraint between
the steel block and the top surface of the steering column. This results in the steel block
accelerating away from the impact mass until it slows down and then the impact mass strikes
the steel block again. The structural looseness is representative because an actual steering
system will always have some degree of structural looseness between some of its components.
It should be noted that steering column deformation would be greatly affected if the steel
block was firmly bonded to the top surface with zero looseness. This would have prevented
the deformation of the top surface, and would have increased the rigidity of the steering
column.
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Figure 7.13: Numerical filtered accelerations for the steering columns without and with 2.4
kg of additional inertia
The energy absorption characteristics of the steering column without and with the additional
inertia are summarised in Table 7.3. The additional inertia resulted in a shorter impact
duration and crush distance. The average acceleration was found to be 17.5% higher than
the steering column without the additional inertia. The peak deceleration was 698.9% larger,
however the accumulative time above the 80 g deceleration limit was only 2.7% greater than
the steering column without additional inertia. Therefore, the additional inertia was found
to significantly affect the energy absorption characteristics of the steering column and hence
the quasi-static approximation was no longer valid to predict the initial acceleration trend
and the oscillations.
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Table 7.3: Comparison of the steering column’s energy absorption characteristics without
and with 2.4 kg of additional inertia
Without Inertia With Inertia Difference
Impact duration [ms] 13.51 10.91 -19.3%
Crush distance [mm] 39.57 27.50 -30.5%
Peak deceleration [g] 87.51 699.09 698.9%
Average deceleration [g] 51.92 61.01 17.5%
Residual height [mm] 23.73 35.80 50.9%
Crush ratio 1.69 11.46 579.8%
Stroke efficiency [%] 62.51 43.45 -30.5%
Accumulative time [ms] 0.76 0.78 2.7%
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8 Conclusions
The following conclusions were made:
1. The deformation of the steering column was divided into five distinct phases as shown
in Figure 7.2 and 7.3; (A) initial elastic response, (B) plastic deformation of the top
surface and unfolding of the 90◦ bends, (C) further folding of the 50◦ bends and collapse
of the side supports, (D) contact between the top surface and side supports, and (E)
elastic response after the steering column has collapsed on itself.
2. The residual stresses from the welded joints had negligible effect on the energy absorp-
tion characteristics because the welded joints were subjected to minimal deformation
during the impact.
3. The heat treated steering columns followed a similar normalised force-displacement
history when compared to the normal steering columns apart from phase B and D, as
shown in Figure 7.2.
4. The effect of residual stresses in the 90◦ bends on the energy absorption characteristics
were much greater than the effect of residual stresses in the 50◦ bends as shown in
Figure 7.12. The heat treated steering columns exhibited stronger behaviour during
the unfolding of the 90◦ bends because the residual stresses were reduced during the
heat treatment process and therefore a larger bending moment is required to unfold the
90◦ bend when compared to the normal steering columns.
5. The residual stresses in the 50◦ bends resulted in a strengthening effect as the side
supports were bending further and collapsing as shown in Figure 7.11 (i.e. a larger
bending moment is required to further bend a plate after the intial load is released).
The stress relief annealing process did not reduce the residual stresses in the 50◦ bends
because the residual stresses were less than the reduced yield strength during heat
treatment.
6. Geometrical manufacturing errors resulted in unpredictable differences during phase D
due to the top surface touching either one, two, three or four of the side supports.
62
7. The overall effect of the residual stresses was found to be minimal when compared to
the effect of the variation in steering column height and diameter due to the poor re-
peatability of the manufacturing process. The numerical model which excluded residual
stress effects was found to follow a similar trend to the experimental results, as shown
in Figure 7.9. The additional energy absorbed by the heat treated steering columns is
negligible and therefore neglecting the residual stresses is a valid assumption.
8. The experimental velocity predicted using the quasi-static approximation did not end
at zero, as shown in Figure 7.7, due to the integral solution in Equation 6.13.
9. The momentum transfer from the impact mass to the steering column upon impact
resulted in velocity oscillations and a noisy acceleration result as shown in Figure 7.7
and 7.8, respectively. The experimental velocity and acceleration predicted using the
quasi-static approximation did not predict the dynamic effects of momentum transfer.
The experimental and numerical results were both filtered using a CFC 600 filter as
per the Le Mans safety regulations.
10. The steering column on its own was found to meet the requirements of the Le Mans
safety regulations (experimental accumulative time above an acceleration magnitude of
80 g = 1.19 ms on average).
11. The numerical steering column was found to be softer than the experimental test spec-
imens. This may be due to geometrical and yield strength differences. The numerical
model predicted an average acceleration that was 18.1% less than the experimental
tests.
12. The numerical model over-predicted the crush distance, peak acceleration, residual
height and stroke efficiency by 2.5%, 3.4%, 6.9% and 4.6%, respectively. The energy
absorption characteristics of the experimental and numerical steering columns are sum-
marised in Table 7.1 and 7.2.
13. The quasi-static approximation was found to successfully predict the dynamic impact
behaviour of the steering column on its own because the mass of the impact structure
was much smaller than the impact mass (ms = 0.0322m), even though the uncertainty
in the material’s exact yield strength, the residual stresses present and the geometrical
differences.
14. The additional inertia (ms = 0.3322m) significantly affected the energy absorption
characteristics of the steering column. The average and peak acceleration was 17.5%
and 698.9% larger than the steering column without additional inertia, respectively.
The quasi-static approximation was no longer valid to predict the initial acceleration
trend and the oscillations of the steering column with additional inertia.
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9 Recommendations
The following recommendations were made for future work:
1. Use a special jig or punch die to improve the repeatability of the sheet metal bending
process so that the effects of residual stresses may be quantified and characterised,
2. Confirm that the heat treated steering columns do not undergo micro-structural changes
during the stress relief annealing process, like grain growth,
3. Measure the residual stress distribution in the normal and heat treated steering columns
at the 50◦ and 90◦ bends and include the measured residual stresses in the numerical
steering column model,
4. Measure the exact yield strength and ultimate tensile strength of the 3mm S355JR steel
plate and update the ANSYS material model,
5. Reduce the integral time step for the integration procedure when estimating the dy-
namic acceleration-time behaviour of the steering columns using the quasi-static ap-
proximation,
6. Characterise the energy absorption characteristics for steering columns varying in di-
ameter, height and thickness, and
7. Determine the experimental acceleration-time response of the steering columns with
the complete steering system during a dynamic impact drop test as per the Le Mans
safety regulations.
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Appendix A Residual Stress Approximation
The residual stresses present in the 90◦ bends between the top surface and the side supports
were approximated using a theoretical approach. The 90◦ bend may be assumed to undergo
fully plastic deformation during bending due to the low bend radius to plate thickness ratio
(ro/t = 1.67). The moment required for fully plastic deformation, Mp, in the 3 mm steel
plate was 19.69 N.m, as calculated in Equation A.1.
Mp =
1
4
bh2σY
=
1
4
(0.025) (0.003)2
(
350× 106)
= 19.69 N.m
(A.1)
The fully plastic moment was used to determine the reversal stress distribution using curved
beam theory as described by Equation A.2.
σ =
My
A (rc − rn) (rn − y) (A.2)
The curved beam theory accounts for the non-linear stress distribution. The shift in the
neutral axis is described by Equation A.4, where y is the distance from the neutral axis.
rc = ri +
h
2
(A.3)
rn =
h
ln
(
ro
ri
) (A.4)
The fully plastic and curved beam reversal stress distribution are added together to calculate
the theoretical residual stress distribution, as shown in Figure A.1.
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Figure A.1: Theoretical derivation of the residual stress distribution in 90◦ bends
The difference between the yield stress (σY = 350 MPa) and the stress at the inner surface
after the heat treatment process (σ = 132 MPa), shown in Figure 7.4, is the required bending
stress to unfold the 90◦ bend. Therefore a 218 MPa bending stress is required to result in
the inner surface yielding. Equation A.5 illustrates the calculation of the required bending
moment to unfold the 90◦ bend.
Munfold =
σA (rc − rn) ri
rn − ri
=
218× 106 (0.000075) (0.0035− 0.0032741) 0.002
0.0032741− 0.002
= 5.79 N.m
(A.5)
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Appendix B MATLAB Code
The following extract is from the MATLAB code that was used to process the experimental
and numerical observations.
1 %Load MSc Observations.mat workspace
2
3 %Clear old variables and close all figures
4
5 clearvars −except Two HT Four HT Six Seven HT Eight Nine N2 4mm N2mm N1 6mm;
6
7 close all;
8
9 %Specify resolution for integration function
10
11 res = 1000; %resolution of numerical integration
12
13 Ferr = 49.3465;
14
15 Xerr = 0.0254/1000;
16
17 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Two HT−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
18
19 F = Two HT(:,4);
20 x = Two HT(:,3)/1000;
21
22 Fmax = max(F);
23 xmax = max(x);
24
25 Two HT(:,6) = F/Fmax;
26 Two HT(:,5) = x/xmax;
27
28 m = 8;
29 g = 9.79;
30 a = (m*g−F)/m;
31
32 afit = fit(x,a,'smoothingspline');
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33
34 A = linspace(0,max(x),res);
35 A = transpose(A);
36
37 temp1 = integrate(afit,A,0);
38 v0 = 7;
39 v = real(sqrt(2*(temp1+(v0ˆ2)/2)));
40
41 pos = find (v==0,1) − 1;
42 vnew = v(1:pos,1);
43 temp2 = 1./vnew;
44 xnew = A(1:pos,1);
45
46 vfit = fit(xnew,temp2,'smoothingspline');
47 temp3 = integrate(vfit,xnew,0);
48 t0 = 0;
49 t = temp3+t0;
50
51 anew = feval(afit,xnew);
52
53 % CFC 600 Filter
54 samples = length(t);
55 a = t(1);
56 b = t(samples);
57 duration = b − a;
58 Fs = samples/duration;
59 N = 4;
60 Fc = 1000;
61 h = fdesign.lowpass('N,F3dB', N, Fc, Fs);
62 Hd = design(h, 'butter');
63 anew f = filter(Hd,anew);
64
65 tmax = max(t);
66 amax = −min(anew f);
67
68 Processed Two HT(:,1) = t*1000;
69 Processed Two HT(:,2) = xnew;
70 Processed Two HT(:,3) = vnew;
71 Processed Two HT(:,4) = anew;
72 Processed Two HT(:,5) = anew f;
73 Processed Two HT(:,6) = t/tmax;
74 Processed Two HT(:,7) = anew f/amax;
75 Processed Two HT(:,8) = m*g − m*anew;
76
77 %−−−−−energy absorption characteristics−−−−−−%
78
79 impact duration = max(Processed Two HT(:,1));
80 crush distance = max(Processed Two HT(:,2));
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81 peak dec = −min(Processed Two HT(:,5));
82 ave dec = −mean(Processed Two HT(:,5));
83 res height = 57.5 − max(Processed Two HT(:,2))*1000;
84 crush ratio = peak dec/ave dec;
85 stroke eff = max(Processed Two HT(:,2))*1000/61.5;
86
87 acc time = 0;
88 for c = 1:length(Processed Two HT(:,1))
89 if Processed Two HT(c,5) ≤ −80*9.79
90 acc time = acc time + (Processed Two HT(c,1) − ...
Processed Two HT(c−1,1));
91 end
92 end
93
94 Summary(1,1) = impact duration;
95 Summary(2,1) = crush distance*1000;
96 Summary(3,1) = peak dec/9.79;
97 Summary(4,1) = ave dec/9.79;
98 Summary(5,1) = res height;
99 Summary(6,1) = crush ratio;
100 Summary(7,1) = stroke eff*100;
101 Summary(8,1) = acc time;
102
103 %−−−−−−−−−−−−−−−−−−−Filtered Numerical Results−−−−−−−−−−−−−−−−−−−−−%
104
105 t = N2 4mm(:,1);
106 anew = N2 4mm(:,4);
107 samples = length(t);
108 a = t(1);
109 b = t(samples);
110 duration = b − a;
111 Fs = samples/duration;
112 N = 4;
113 Fc = 1000;
114 h = fdesign.lowpass('N,F3dB', N, Fc, Fs);
115 Hd = design(h, 'butter');
116 anew f = filter(Hd,anew);
117 N2 4mm(:,6) = anew f;
118 tmax = max(t);
119 amax = −min(anew f);
120 N2 4mm(:,7) = t/tmax;
121 N2 4mm(:,8) = anew f/amax;
122
123 t = N2mm(:,1);
124 anew = N2mm(:,4);
125 samples = length(t);
126 a = t(1);
127 b = t(samples);
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128 duration = b − a;
129 Fs = samples/duration;
130 N = 4;
131 Fc = 1000;
132 h = fdesign.lowpass('N,F3dB', N, Fc, Fs);
133 Hd = design(h, 'butter');
134 anew f = filter(Hd,anew);
135 N2mm(:,6) = anew f;
136 tmax = max(t);
137 amax = −min(anew f);
138 N2mm(:,7) = t/tmax;
139 N2mm(:,8) = anew f/amax;
140
141 t = N1 6mm(:,1);
142 anew = N1 6mm(:,4);
143 samples = length(t);
144 a = t(1);
145 b = t(samples);
146 duration = b − a;
147 Fs = samples/duration;
148 N = 4;
149 Fc = 1000;
150 h = fdesign.lowpass('N,F3dB', N, Fc, Fs);
151 Hd = design(h, 'butter');
152 anew f = filter(Hd,anew);
153 N1 6mm(:,6) = anew f;
154 tmax = max(t);
155 amax = −min(anew f);
156 N1 6mm(:,7) = t/tmax;
157 N1 6mm(:,8) = anew f/amax;
158
159 %−−−−−energy absorption characteristics−−−−−−%
160
161 impact duration = max(N1 6mm(:,1));
162 crush distance = max(N1 6mm(:,2));
163 peak dec = −min(N1 6mm(:,6));
164 ave dec = −mean(N1 6mm(:,6));
165 res height = 63.3 − max(N1 6mm(:,2))*1000;
166 crush ratio = peak dec/ave dec;
167 stroke eff = max(N1 6mm(:,2))*1000/63.3;
168
169 acc time = 0;
170 for c = 1:length(N1 6mm(:,1))
171 if N1 6mm(c,6) ≤ −80*9.79
172 acc time = acc time + (N1 6mm(c,1) − N1 6mm(c−1,1));
173 end
174 end
175
74
176 Summary(1,7) = impact duration*1000;
177 Summary(2,7) = crush distance*1000;
178 Summary(3,7) = peak dec/9.79;
179 Summary(4,7) = ave dec/9.79;
180 Summary(5,7) = res height;
181 Summary(6,7) = crush ratio;
182 Summary(7,7) = stroke eff*100;
183 Summary(8,7) = acc time*1000;
184
185 %−−−−−−−−−−−−−−−−−−−Clearing Variables−−−−−−−−−−−−−−−−−−−−−−−−−−−%
186
187 clear F x m g a afit A temp1 v0 v pos vnew temp2 xnew vfit temp3 t0 t anew ...
res samples a b duration Fs N Fc h Hd anew f tmax amax xmax Fmax Ferr ...
Xerr impact duration crush distance peak dec ave dec res height ...
crush ratio stroke eff acc time c;
188
189 save MSc Results.mat;
75
